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A13STltACT

‘J’clcrobotic  iuspcction  can be used ill c~lvirorlmcn[ts  that arc too }iazarclous, rcrnovcd or cxj)c~tsivc  for d ircxt
hutnall  inspection. “Jklcrobotic  ius]wctio~l is a COIIIIJICX task rquiri]lg all operator to co~ltro] a~lcl C.oorcli]latc a
rc)bot and sc]lsors, while ~r}orlitoring and illt,cq)rct,i]lg scusor data to detect flaws. A virtual window t,clcprmc]ic.c
systcnn has bceu  dcveloj~cd to aid the operator iIl lmrfor]uillg  these iIwl)cctioIls. While t]lc operator is lookiI[g at
a ]nonitcm displaying stereo video froru calrlcras  Iriourltcd 011 t,}tc robot,  tlm systcrr] tracks  operator l)cad positicnl
a]ld IIICNWS tllc robot  to crcat,c the illusion that, tile o~)crator  is lc)c)killg out  a wi]ldow.
o]mator to ~latural]y s])ccify desired vicwl)oint  allcl cllal)lcs ttlc]u to c.o]lccrltratc  011 the
area that ]nay co]ltail] a flaw.

Kcywcmcls:  tclcprcsc]lccj tclcrot)otics,  i]ls],cctiorl, virtual e]lvirorl]nertts

‘J’his i]ltcrface  al]owsthc
visual exarllirlatiollof tllc

S~Iace ])latfcm]r~s o])cratciri a very severe e]lvim]]rnc]lt  allcl ]Iccd tot)c I)cric)dically irlsllectccl for tllccfl’ects  of
r]licrc)-r nctcoritcs,  radiation]], cxtrcrnc  tcru])craturcs,  etc. ] lhlgiIlccri~lg  reviews of the pror)osed  s]~ace static)]l lItivc
fol]]iclt  llati]l s])cc.tic)l]  alldlllailltcllallccr  r]ayco]lsl]lttcl  tlorctir]]ctl la]last rc~rlautswill }laveavailal)lc.z ‘J’clcmhc)tic
i]lsj)ectior],  citlter  froln i]lsidc tllc ~JlatforrI]  c)r front the grou]lcl, is arl altcrrlativc  to cxjmrisivc  l’ktra  V e h i c u l a r
Aclivitics  (lI~VA) by astro]lauts.

‘1’IIc l{c]note  Surface l[lsJ)cctic)ll (1{.S1) I)rojcct  at ttle Jet l’ro]]ulsic)]l  IJal)c]ratc)ry  (J1’1,),  (:filiforrlia IIlstitutc
c)f ‘1’ecllliology’  h a s  I)ccrl dcvclc)])illg  tccllllc)]ogics to autoIilate ttic illsJ)cctioIl ]Jroccss  and fficilitrttc tclcrolmtic
i]ls])cctic)]l.:+ “ It IIas clcvclc)])cd  a]) o])crator  irltcrfacc  t h a t  i]ltegratcs  as~)ccts  c)f J)lalllli]]g, cc)]ltrc~l  aIIcl sc~lsillg
rccluired  for tclerol)otic  irls}~ectio~l. 6 s ‘Jc)tcst  a]ld dc]l]orlstratctljcse  ca]~al)ilitirx, it co]itro]sa  7  (I(:gr(coffr((:(lc)]ll



l’igurc 1: l{ctllotc Surface lIIs]mtioII  IJal)oralory

.l{,c)bot ics l{cscarcll  Cor]). 1 2 0 7  robot I]loutltcd olt a rail to I)ositliorl  aII irltcgrat  cd scvlsor clld cfl’icl or 10 ]Jerfor]i]
]nulti-smlsor  i]]sl,cctio]l  of a OIIC  tliircl scale II Iocliuj)  of a s])acc statio]i  truss  asscl IIl)ly (I;igurc  1 ).$l’][] ‘J’tlc clId
effcctor iIlcludcs a })air of call] eras co]lfigurcd  for stcrm video alId used for lIUIIIa  II alId ]I]acllillc visual ills[lcclio]l.
‘J’lIc  intcrfacc  ],rovidcs for lIIalIual  aIId auto] IoIIIous  co]ltro] of tlIe rol)o( aIId lll~ll(lill alId alltolIolllous  i]]sl)cctioli.
OIICC a ])otcvltial flalv lIas lIcclI dctcctcd  citller  l)y atl o])erator  or all auto] llatcd iljs])mtio]l systcIII,  SOIIICOII(  II IIISt
cxarltirlc  tllc arw of tl]c ])otcl]tial  fla}v to verify al)d cl]aractcrim  it. ‘J’llis is usually  doIIc I)y lIIC o]lcralor  takitlp,
]IIa IIual co]llrol of  tllc ro})o(  slid ])ositiollitlg tlIc c:illlcras Ivill] joysticks  !(I vimv tltc area fro]]l  difl”crc]lt localic]]ls.
It is for this  cxallli]latio]l  tll:(t a v i r t u a l  wilidow tcle])rcsr]lcc ca])al~ility IIas I)ccl]  illt~gr:itcd  i]lt(, tllc illtcrfact.
‘J’hc goal of tl)e virtual ~vi]]dolr tclc],r[sc]lce  .sYste]II is to free tlIc ol}cratol frc)lr~ r.x[]]icit c{]lllrcjl of 111<,  rc)l)c~l ;Ir Id
allow llilll/llc]  10 collcc]ltratc  o]) cxallli]latio]l  of tllc j)otclltial  flalv.



2  VI RTUAIJ WINDOW

2.1 App roach

‘J’}IC area that ncwds to he cxamillcd  for a~l i~ldividua] flaw is ty])ically sIIIall. ‘J ‘lIC o~)crator  llcccls to ohscrvc
t,l)is localized area fro]n difkrcnt vicwl)oillts. ‘J’O aid the o])erator  pcrfor~[lillg  tlIc cxa~]li~latioll, wc create  a virtual
wiriclow  near  the area of tlte flaw. ~’llc exalnillatio]l  is do]]c hy the o]~crator  “looki]lg through” this virtual window.
‘J’hc view through tlIc virtual window al)],cars 011 a stereo  video ]Ilollitor iri tllc o])crators  COIISOIC. IIy tracki~lg
t]lc o])crator’s  Ilcad J)ositioll a s  l]lcy look al t]lc Illonitor  and ~rlcwi]lg t]lc ro]~ot ill a  c.oordi]latcd l]la~l]lcr, t]te
virtual wi~ldow systmn crcabx the illusion iflat  tllc ~noxlitor is a real window located at tlIC ]jositioll of the virtual
willclow. ‘J’his ])rovidcs a fcclirlg of tclq)rcmlcc  as if the o]wrator  had “flowrl)’ t]lc COJISO]C  and tfl CJll SC]VCS tO thC
ins}) cction  site.  ‘J’he hcncfit  of this is that tlic o]~crator  has a llatural i]ltcrfacc  to sr)ccify tllc desired view of the
flaw area through tllc virtual window. in the ]Jrcscncc of large time delays, wc call also create  a wi])dow into
our gra])hical  model of tllc cllviro~lnlcllt  to c.c)ritrol  a stereo gra])llic  Ciis])lay. ‘J’lIc o])crat,or could tllc]l specify a
vicwl)oint  with rcfcmlc. c to tfIc ~nodcl alld view tllc video returrlcd  OIICC tllc rclllote  site ]Jositio~lillg has bcc]l
acc.oln])lishccl.

2 .2
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IJigurc  2: \Jirtual Wi]ldow  IIardwarc

‘J’o inl]~lclncllt t]lc virtual w;]ldow , stereo  ~~idr’o is I)rovidcx]  by a I}air of ‘Jtx]ti)xi  ] ]{-hf4  ] A call) cra$ IJIOUJJk’d  011

!lIC CJId cfl’cctor  of tllc ro}jot. ‘J’l Ic calneras  arc II Iou  JItccl  7 cll] aI)art  arid arc collvcrgcd  at 77 CIII.l~ 7.5 111111 lCIISCS
])rovide a 47 degree ficlcl c)f view. (1’igure 2 left) ‘J’lIc  calllcras  are co]l]icc.tcd  to a (Jrystall}ycs  \ridco  view/record
u]lit wllicli drvvcs  a 13 IJIC]J \7(;A ])lo~litor at IX I IIz; 6011z,  for cac]l qc. ‘J’llc ]Ilo]litor  is vicwd ~vcariljg (~rysta]l’;ycs
l’)ycwcar  wllicll colwists o f  all l~~;l) slluttcr f o r  caclI cyc syllc.llrollizcd to  tllc IIlollitor lvitll all i)lfrarcd c~]littcr.
IIc..ad ])ositioll relative to tllc IIlollitor is rllcasurtd  using, tflc IJogitcc.ll 6 1)01” acoust ic  track  illp, systc]l]  that is
l]art of tllc (;rystall}ycs l’]{ ])roduct,. ‘J’ltc lcccivcrs  arc l)uilt into t]lc (h’ysta]l;ycs  ]’~ymvcfir  and tllc trallslllittcrs
arc C)II a tria]lgu]ar  frrr]llr 011 to]) of tllc ]Ilo]jito]. (1’igurc 2 rig}lt)  All 1{ S- 232 st, rial co]lll(,c{icl]l I)]ovidcs  t raclii]]g,
i]] for]llatio]l  tc) tlIc co]ltro] co]l]])utcr,  h Silicorl (~ra],llic.s  411310 \)(~X’1’.



2 . 2 . 2  A l g o r i t h m

‘J’hc IIcad frame  relative to tl)e stereo lno]litor  (~~ J’) is measured by tlIc tracking systcIn.  11’ro]ll this  fralllc  wc
construct the desired end dfector  (camera) fraIIIc relative to tJIc virtual window (~jl’). ‘J’hc desired oricnltatiorl
of tllc c.alneras is the yaw and J~itch rclaiivc  to the virtual window rlcccssary to have the ca]llc.rzs I)oiJlt  at the
virtual window.  ‘J’he rotation ~rlatrix for this oricutation  is calculated frolrl the )ncamred  head positio]l  vector as:

[

C?J sysp sycp

;: I<yp = () q) -  Sp 1 (1)
- SY Cysp Cycp

wllcrc:

]t ShOU1d k noted

fral~tc. Views through
that the orientation of the ol)cratcms }icad is not  used at all to calculate the desired caTIlcra
a window arc constraitled  by the relative ])ositio~l  of tllc window and the eyes. If the head

is oriented to look away froln the window the view t}troug]l tlIc wi~ldow for that, position would IIot,  a~]d should
Iiot cllangc.

~alc.ulatillg  the desired position vector of the end cffector relative to the virtual wi~ldow is c.ol[l}llic.atcd by the

fact tltat wc are using fixed focal length  calncra.s. WIICJI looking at objects t]lrough a real wi~ldcm’, as you move
your eyes closer to the window, your field of view tlltough  tllc wirldow illcreascs. ‘1’hc a])], arcllt  si7jc of objects on
t)lc otllm  side of the window also illcrcascs. IIad we been aLlc to usc c.o~]trollahlc  7,001n  lCIISCS,  wc would have
used a siln]lle  unity  ]nap])illg of relative l]cad ])ositio~l  to relative clld cffcctor position and adjusted tllc focal
lellgtll  of tllc lenses so that the field of view of tl!c ca~llcras  ]Ilatc.llcd  the angle subtc~ldcd hy tile Itloriitor  to the
eye.  IIowcvcr, the c.urrc~it c)ld cfl’cct,or c.olltaills fixed focal lc~lgtll ca~neras.  Givcrl this lilliitatio~l,  wc arc al)lc tc)
])roduce a IIlappillg  SUCII  t,}lat ohjcc.ts  a given fixed distallc.c lmhi~td t,lIc virtual window will ar)}~car fixed ill sjjace
at a constant size. ‘1’lIc  ap~)carancc of o})jccts furt]lcr  or clc)scr tlla]l this  dista~icc will ulldcrgo  a distortion that
IIlay  bc ~mccivcd  as tllc ol)jcct sliritlkillg  cm growilig ill size or ltlovillg closer to or further frolll tllc c)]~crator  as
tllc oljerator  IIIOVCS furtllcr  or closer to t}le IIlollitor.

All ol)jcct  of size (TO) a dista~lcc (dO ) bchilld  a sc.rcml of size (r, ) a distallcc  (d, ) frolll tllc cyc would nave
all a~)])arc~lt  size (? ’a) C)II tllc scrcc~l (1’ig,urc  31 J). A calllcra  a dista]lcc  (dC) fro~ll a virtual wi]ldow wit,ll a field of
vim (y) looking  at tl]c salnc  object wilt iltlage  aII area of sixc (r>C) at tllc dq~tll c)f the ol)jcc.t (1’igurc 3C). Siltce
tllc a r ea  that
c.ollstallt s17,c:

Ilc calnera  illlagcs  wil l  IJC dis])laycd  011 tllc Illollitor  scrcml, for the ol)jcct to a],]war to rcr]laill a

1’0 7’0
l’s - I’c

(2)
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‘J’}IC  al)parcnlt size of the object is a fa~lctio~l of distallc.c fro]o  the eye to tile scrccIl:

d.r.
‘a’ d, ido

(3)

‘1’IIC area a camera  with field of view (7) will ilnagc  is a fallctio~l of’ tile distarlcc  fro~ii  the cal[lcra to tlIc virtual

window:

r,= (dc-t do)t,ali(~) (4)

\lTccaT, Sjllll)ljfy t,lljscqllat,jol)  ~JY110~j112, t,])at, t,]1cfic]cl Oflicmof t]icca],]cral[ latc]lcst,  ]lc a]lglcsul,tclldcd  hy

a real willdcnv the size of the video scrccl] (Figure 3A) at a clista~lcc (d,), ) or:

tall(-f)  D ~~, (5)

Sulwtitutill.  g, wcgct:



(6)

.

Scdvi])g  this fc)r  c.amcra distance we get:

d, = $d” -i d,,, - do
c

(7)

WC usc ecluation  7 to ~naJJ cac.11  co]n],o~}cnt,  of’ the ~ncasurcd  llcad I,osition vector to tllc desired e]ld cffcctor
I)osit,iori  vcct,or. g’his position vector a?tcl t,}lc ]Jreviously calculatcc] rotation matrix specify t}lc dcsirccl clld cffector
fralnc  relative to the virtual window.

Whcll head tracki~lg is initiated, the I)ositicm  of the virtual wi]ldow  in tho world (~,  J’) is csiablishcd relative
to tllc i~litial end cffector (camera) fra~nc (~1’) according to:

l’or  cac.11  sulmqucr)t sam])ling  p e r i o d  tllc des i red  erld cffmtor

(8)

fraIne is calculated as:

(9)

3  DISCUSSION

‘J’his systmn is an example of )Ion-illlll]crsive telc])rcscxlcc. A~i illllncrsivc  systcnn would LISC a head-rnourltcd
ctis],lay (I IMII)  or Inulti],]c  large scrccns to surrou]ld  the o~,crator. ‘J’}ic advar,trigc  of tltis  tcc?lriiquc is that i{
dots ]Iot intmfcrc  with the operator seeing and using other cornpo~lcnts  of the control C.OIISOIC . It is IJiuc.h  lCSS
c~]culnt)cring  than an lIMI) hcc.ausc tl)c oJ)crator only need wear the 1,~11 slluttcr glasses, and they  need ~lot k
mnovcd while using otl[cr  part, of tile systcm.  in all llcad-mounted systc]n,  the operator ~IIust rc]ncwc the II Ml),
of~c]l a large and heavy dcvicc, to usc dis],lays  and controls that arc IIot  l,art of the iltllncrsivc  cllviro]llllcllt.
‘1’}Ic  advantages over a surroul)d  systcIII are. its corn~)actncss  arid silnj)]icity. l“or t)fis a~)l~]icatio~l a fcc]ir}g of total
irlllncrsion  is IIot required.

‘J’])is  illl~)lc]llc~ltatio)) is unique  ill that, it L]SCS bot}l v i d e o  i]nagcs and vicw~)oillt ])ositio~ling. M o s t  vidcc)
SYStCmS OIIIY control  pan, tilt a]ld  solnctilncs roll angle of tlIc calncras based 011 o}jcrat,or  llcad tracking. Graj)llic.al
cllviroll~llellt systclns  u sua l l y  ~lla])  llcad ]msitio]l  to view i]oillt orlc to OIJC. ‘J’}IC  ]Jroblcrlj wit]i tl[esc syst,crlts i s
that, tllcy create an a])parent  motion of the cllvirmllllcllt  m tllc o]jcrator  rotates their IIcad that dots ~lot occur
i~) tllr real world. ‘Jo look to tlIc right, usi~lg tllcsc systel[is  you ]nust  t,unl your head to tllc right  and loc)k back at
t]lc ~l~ollitor to tl)c ]cft with your eyes. ]f yoL] wa~lt to ]ook  away froln t]ic IIlollitcm,  for cxa~l)])]c to look at a~iot])cr
dis~)lay,  you will c.rcate a~l u~lex I)cc.tcd altd c.ollfusi~lg  shift ill tllc virtual c~lvirollnlcllt. ‘1’his Jjrot]lcln coll)cs frolll
trying  to lna]) the imlncrsivc  do]l]ai~l to a lloll-i~nlncrsivc dis])lay. ‘J’llis  vir tual  wilidow  systelll  }~rc)duccs a stal)lc
virtua]  dis])lay  t}iat bcllavcs  illtuitive]y.  It is cslwcial]y u s e f u l  WlICII  y o u  want t,o ~)rcscrvc  a vicwl)oillt  I)ut Ilccd

to look away to ol)crat,c allot l]cr col)trol.



4 FUTIJR.E I’LANS

‘J’llis systmn  reprcmntls  the init ial  illl~JlclIlclltatiorl  c)f a virtua]  window  systcrll. We ]Jlall 10 do exJ,crirncllts
to detcrlllillc  if and t,c~ w}lat mt,cnt  tl]c systcr]}  is hxlcfic.ial c.olil~xmxl  to llia~lual cc)lltrol of tllc robot .  WC wi l l
II]ca.sure the ti~nc required to examine the flaw and tile o])crators  ability to detect  flaw c}laract,cristics such as
flaw de])th. We will also cxl)lorc tllc ol)erators  subjective iln]~rcssiolls of the ease of usc of and prcfcrmlccs for tllc
systeln,

‘J’hc currcmi iInI)lcmc~ltation  dots a good joh of ~)roducilig the correct viewl)oillt  and rnilti~nizi~]g object size
distortio~ls  to prc)duce the illusion of looking t,llrough a real willdow. l’uturc  illl~)lcl[lcl]tatiolls lnigllt  illcludc  carncra
focal lcrlgtll c.cnltro] to accorrllt for relative ~llonitor dista]lc.c M well as ilnagc  ]Iroccssillg  (warj]i~ig)  to acc.ou~li,  for
oblique vimving  of t,hc mo]litor  scrccn  as the oIJcrator  moves around  it. IIigh ba~ldwidt}l collllll~lllic.atioll l)ctwcc~l
tile oJjerator  COIISOIC and the robot  would be valid for ground robotic insl)cctioll  systc]ns  that do )tot have the time
delays associated with s])acc tclcopcration.  14;ach of tllcsc would cllllaltce the o~)crators fccli~lg of tclej)rcsc]lcc.
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